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A STUDY OF HARD FINISH GYPSUM PLASTERS
I. INTRODUCTION
1. Purpose of Investigation.-Hard finish plasters are plasters com-
posed of gypsum anhydride mixed with some salt such as Glauber's
salt* or alum before or after calcination. Since very little has been
published relating to the effects of the addition of various salts to plas-
ter, it has been thought that these effects should be investigated because
there is a probability that the field of use of these plasters may be ex-
tended. They are chiefly employed at the present time for finishing
walls where a dense, hard, smooth surface is desired, but as some of them
have high strength, relatively low porosity, and low specific gravity,
there is a possibility that they may be used for other purposes in building
construction. The process of manufacture should not be costly since
gypsum is plentiful and the raw material is easily crushed and can be
calcined at relatively low temperatures in rotary kilns.
The attempt has been made not only to investigate these plasters
from the standpoint of their physical properties, but also to discover
the mechanism of setting.
2. Scope of Study.-Three methods of adding Glauber's salt, potash
alum, and borax to gypsum were investigated, as follows:
(1) The raw gypsum was soaked in concentrated solutions of
Glauber's salts, potash alum, and borax. The material, after being
drained and dried, was calcined to 450, 550, 650, and 750 deg. C. After
calcination the plasters were ground and set with the addition of water.
(2) The raw gypsum was calcined to 450, 550, and 650 deg. C. and
the resulting gypsum ground. Solutions containing one, two, and four
per cent (based on the weight of the plaster) of Glauber's salt, potash
alum, and borax were added.
(3) The raw gypsum was calcined to 350 deg. C., crushed in a pul-
verizer, and then set by the addition of water containing one, two, and
four per cent (based on the weight of the plaster) of Glauber's salt and
potash alum. After being dried, the resulting plaster was then recalcined
to 450, 550, and 650 deg. C. and ground for use.
All plasters produced by these three methods were tested for time
of set, heat of hydration or chemical combination, constancy of volume,
tensile strength, shrinkage, and color.
*Glauber's salt-hydrous sodium sulphate, Na2S0 4 10 HzO
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An optical study was also made of the setting of plasters, including
pottery plaster, anhydrous gypsum, and Keene's cement.
3. Acknowledgments.-The author wishes to express his thanks to
PROF. C. W. PARMELEE, for his coiperation in carrying on this investi-
gation and for many helpful suggestions in arranging the data; and to
PROF. R. K. HURSH, for suggestions as to methods of conducting the
physical tests.
He also wishes to thank the UNITED STATES GYPSUM COMPANY
and the CERTAINTEED PRODUCTS COMPANY for furnishing samples of
their plasters without charge, for their interest in this work, and for
their willingness to provide information concerning their products.
This investigation has been a part of the work of the Engineering
Experiment Station of the University of Illinois, of which DEAN M. S.
KETCHUM is the director, and of the Department of Ceramic Engineer-
ing of which PROF. C. W. PARMELEE is the head.
II. STUDY OF THE PHYSICAL PROPERTIES OF PLASTERS
4. Classification of Gypsum Plasters.-The different plasters
derived from gypsum have been classified in the following manner:*
(1) Those for which the temperature of calcination does not exceed
200 deg. C., and the product consists mainly of hemi-hydrated calcium
sulphate. They may be divided into
(a) those produced by the calcination of the purer forms of
gypsum without the addition of foreign materials before or after
calcination, e.g., plaster of Paris; and
(b) those produced by the calcination of less pure gypsums, or
by the addition of retarders to plaster of Paris, e.g., cement plasters.
(2) Those for which the temperature of calcination exceeds 200
deg. C., and the product is anhydrous calcium sulphate. They may be
divided into
(a) those produced by the calcination of gypsum, e.g., flooring
plaster; and
(b) those produced by the recalcination of flooring plaster or
by dead burned plaster with the addition of alum, borax, etc., e.g.,
hard finish plasters.
5. Literature and Previous Investigations.-Hard finish plasters can
be made from anhydrous gypsum by treating with some chemical.
*Mellor, J. W., "Comprehensive Treatise on Inorganic and Theoretical Chemistry," Vol. III,
p. 776.
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The best known representative of this group is Keene's cement, which
was first produced in England. According to Cole,* Keene's cement
is a slow setting plaster, this property distinguishing it from other
hard finish plasters which are quick setting. Hoskinst states that it
may be quick setting plaster. However, most authorities seem to agree
with Cole as to this particular property.
The earlier patentsl of Keene and Keating called for a mixture of
plaster of Paris with one part borax, one part cream-of-tartar, and 18
parts water. This mixture was dried and then calcined at a low red heat
for six hours. One present method of manufacture of Keene's cement¶
is to calcine gypsum rock in a small vertical kiln until the rock reaches
a red heat; the dehydrated material is then treated with a 10 per cent
solution of alum, again burned at a high temperature and ground for use.
The high burning temperature tends to cause oxidation of any iron pres-
ent, so that a perfectly white product can be made only from rock
gypsum that is practically free from iron. According to Best,§ a fine
grade of Keene's cement can be produced by burning gypsum at a
temperature of at least 650 deg. C., mixing it with a neutral catalyst,
such as one per cent of K2SO 4, and grinding the mixture to pass about
a 150-mesh screen.
Hoskins** states that a quick-setting grade of Keene's cement
can be formed from finely divided calcined gypsum together with a
catalyst comprising K2S0 4 or other salt contain'ng an amount of acid
in excess of that necessary for the formation of an acid salt. From 2 to
10 per cent of the product may be added to plaster of Paris to obtain a
mixture suitable for use as a surgical cement. Another method of prepa-
ration devised by Hoskinstt consisted in passing finely divided gypsum
through a rotary internally fired kiln and adding calcium hydrate in
sufficient amount to neutralize all acidity.
At the present time one company, at least, makes Keene's cement
by calcining the gypsum at a high temperature and adding a small
percentage of some soluble sulphate. The proportions of the salt added
will undoubtedly determine the time of set. According to Eckelft the
amount of Glauber's salt added is one per cent.
Mack's cement, according to Cole,¶¶ is composed of flooring plaster
to which has been added a small amount of sodium or potassium
*Cole, L. H., "Gypsum in Canada."
tHoskins, W. H., U. S. Patents 1,300,269 and 1,370,968.
:Grimsley, G. P., "The Gypsum of Michigan," p. 214.
11"Gypsum Deposits of New York," Museum Bulletin No. 143, p. 88.
§Best, J. C., U. S. Patent 1,304,148.
**Hoskins, W. H., U. S. Patents 1,300,269 and 1,370,968.
ttIbid.
ýjEckel, "Cements, Limes and Plaster."
J¶Cole, L. H., "Gypsum in Canada."
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sulphate. Unlike Keene's cement this is a quick setting plaster, and
has great adhesive qualities; when set its surface is but slightly porous.
Parian cement* is prepared in a manner similar to Keene's
cement, with the exception that the saturating solution is com-
posed of borax instead of alum. The more concentrated the borax
solution, the longer will be the time of set.
It has been found impossible to obtain any definite standards for
the strength, time of set, or color of hard finish plasters, and a very small
amount of data is available as to the methods of manufacture or physical
properties.
Merchantt gives the following analysis and physical properties of a
Keene's cement made in Kansas:
SiO2 ................ 0.06 per cent MgO........... ...... . 0.19
FeO,3............... . 0.000 SO ................... 58.64
A1203 ............... 0.12 H20 at 100C............ 0.08
CaO................ 41.02 Lossatredheat......... 0.15
Tensile strength of neat briquettes, 7 days in air........ 750 lb. per sq. in.
Specific gravity ............................. . 2.96
Fineness, through 100-mesh screen................... 99 per cent
through 200-mesh screen................... 95 per cent
Time of set.................... ............ 3 hours
A Keene's cement made in Kansas was tested in 1892 by Carllj
for tensile strength. The cement was mixed neat with enough water to
make a thick paste, and gave the following results:
Tensile Strength Tensile Strength
at 24 hours at 7 days
lb. per sq. in. lb. per sq. in.
Specimen No. 1............ 374 630
Specimen No. 2............ 325 698
Specimen No. 3........... 402 678
Average lb. per sq. in....... 367 609
Carll was of the opinion that a good Keene's cement could be made
by grinding the gypsum, mixing it with a two per cent potassium alum
solution, and evaporating the excess water. The mixture should then be
calcined to 450 deg. C. and ground. To be made ready for use it should
be mixed with 40 per cent water, and 4 per cent aluminum phosphate
should be added as a retarder.
*Grimsley, G. P., "The Gypsum of Michigan," p. 214.
tMerchant, E. H., "Cement Age," 9, p. 145.
$Carll, O. S., Eckel's "Cements, Limes and Plaster."
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6. Test of Commercial Keene's Cement.-Two samples of Keene's
cement, designated A and B, respectively, were received from gypsum
products manufacturers and tested. The results of the tests are as fol-
lows:
Keene's Cement A
Water required for normal consistency..... .......... 33 per cent
Time of initial set. ............................. . 3 hours
Time of final set......... .......................... 6 hours
Tensile strength of neat briquettes-seven days in air. .369 lb. per sq. in.
Tensile strength of neat briquettes-three days in a damp closet and four
days in air................................... 491 lb. per sq. in.
Keene's Cement B
Water required for normal consistency ................ 30 per cent
Time of initial set ................................. 4 hours
Time of final set.................................a little over 7 hours
Tensile strength of neat briquettes-seven days in air. .272 lb. per sq. in.
Tensile strength of neat briquettes-three days in a damp closet and
four days in air. .............. .............. 495 lb. per sq. in.
The most important feature revealed by these results is the effect
of keeping the test pieces in a moist place until sufficient time had elapsed
for complete hydration. The gain in strength is more noticeable for the
cement that had the slowest rate of setting. This should be expected,
since a longer time is required for the plaster to crystallize. The author
prepared plasters by adding accelerators after calcining that showed
strengths as high as these, but the time of set was shorter. Undoubtedly
if they had been placed in a damp jar for several days, and then dried
in air, the strength of the weaker slow-setting plasters would have been
higher. These plasters were practically constant in volume.
A microscopic examination showed that cement A crystallized in a
shorter time than cement B. The final strengths, however, are the
same.
7. Theory of Setting of Plaster.-The generally accepted theory of
the setting of plaster of Paris is that the plaster hydrates and goes into
solution; this becomes supersaturated, and the CaSO4.2H20 crystallizes
out of solution. This process goes forward until enough of the CaS04
.2H 20 at least is crystallized to form a bond.
Rohland* found that, in general, substances which increase the
solubility of the gypsum accelerate the rate of setting, and those which
decrease the solubility of the gypsum retard it. The investigations of
*Zeit. Anorg. Chem. 35, 194, 195; quoted by Mellor, J. W., "Comprehensive Treatise on Inorganic
and Theoretical Chemistry," Vol. III.
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Droeze, Cameron, and Breazeale* show that CaS04 is less soluble in
all concentrations of K2SO 4, and forms the double salt syngenite, but
in the presence of Na2SO 4 the solubility first decreases and then in-
creases. The actions of these salts form exceptions to the rule given
by Rohland, since they both decrease the solubility of the gypsum
and at the same time accelerate the rate of setting of anhydrous gypsum.
Payent thought the hardening action of alum was due to the formation
of a double sulphate of potassium and lime. Landrint attributes the
hardening of alum plasters to the reaction of sulphate of alumina and
potash on the plaster stone, converting all the calcium carbonate into
calcium sulphate. He tried mixtures of plasters with sulphates of
ammonia, soda, and potash, but on account of the amount of water in
these salts the results were not at first satisfactory. By changing the
proportions of the salts used so as to saturate the calcium carbonate in
solution, the results were good and a hard plaster was formed. Landrin
assumes that potassium, ammonium, and sodium sulphate act on the
calcium carbonate converting it into calcium sulphate.
It is believed that Landrin's theory is rather far fetched, since no
determinations are given to support it and also because the amount
of CaCO3 in raw gypsum rock is often negligible. According to Mellor¶
the mechanism of the setting of these plasters has not been established.
It is believed by the author that the setting is caused by the common
ion effect of the sulphate salts added, which results in the deposition of
gypsum crystals.
G. S. Smallwood§ found that the addition of alum to gypsum gave
plasters of higher strength than that possessed by those without alum.
He also found that the increased temperature of calcination increased the
whiteness of the plaster. This latter finding may be correct if there is a
deposition of carbon at the lower temperatures of calcination. However,
if the gypsum contains iron the color will decrease in whiteness as the
temperature is raised, due to the oxidation of the iron. Smallwood's
investigations show that an increase in the amount of water used in
mixing the plaster increases the time of set, and that the addition of
alum before calcination has a more favorable effect on the plaster than
if the alum is added after calcination. Raw gypsum with two per cent
of alum added and the mixture then calcined to 450 deg. C. gave a
tensile strength of 400 lb. per sq. in. at the end of seven days, which
*Mellor, J. W., "Comprehensive Treatise on Inorganic and Theoretical Chemistry," Vol. III,
p.807.
tPayen, University Geological Survey of Kansas, Vol. V, p. 115.
*Quoted in Grimsley, G. P., "The Gypsum of Michigan," p. 214.
¶Mellor, J. W., "Comprehensive Treatise on Inorganic and Theoretical Chemistry," Vol. III.
§G. S. Smallwood, "Preparation and Properties of Alum Plasters." Unpublished thesis, Univ. of
Ill., 1924.
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FIG. 1. CROSS-SECTION OF SETTING IN KILN USED FOR CALCINING PLASTERS
was the best result he obtained, probably due to the fact that he
ground his plaster to pass a 20-mesh screen only.
8. General Laboratory Methods Used in Preparation of Plasters for
Present Investigation.-A large part of the preparation of the materials
was the same for each method as that described below. Special methods
of preparation for each will be discussed under the proper subdivisions.
Gypsum rock from Fort Dodge, Iowa, and from Southard, Okla-
homa, were used in these tests. Southard gypsum is very pure, while
Fort Dodge gypsum contains impurities, especially iron. Both can be
used for the manufacture of hard finish plasters, but the former pro-
duces stronger plasters. Plasters made from Fort Dodge gypsum were
darker in color than those made from the Southard gypsum, this being
due to the oxidation of the iron in the calcination process. An increase
in the temperature of calcination caused the plasters prepared from
Fort Dodge gypsum to become darker in color. The presence of alum
also caused the color due to iron to become more intensified.
The raw gypsum was crushed and the portion which passed a one-
inch standard screen and remained on a Yl-in. screen was used. This
size of material was chosen in order to minimize the insulating effect of
gypsum during calcination. If a large mass of finely ground gypsum
is, burned it is necessary to provide continuous agitation in order to ob-
tain a uniform temperature of calcination. If the pieces are too large
there is danger of not having proper heat penetration to the interior of
the stone. By using medium-sized pieces it is possible to get more near-
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FIG. 2. TIME-TEMPERATURE CURVE FOR CALCINING PLASTERS
ly uniform calcination, because the hot gases can circulate between the
lumps, and the insulating properties of gypsum are minimized.
Since gypsum acts as an insulator, it was necessary to devise a means
of calcining the gypsum in small batches, and to have each part of a
batch calcined as nearly uniformly as possible. Several burns were made
in order to find a method that would give uniform calcination.
Finally, the kiln was arranged as shown in Fig. 1. Each sagger had
an individual gas burner, and very little brick was used in the setting.
By this method more uniform heat distribution was obtained, since
each sagger had an individual control. The heat capacity was low, so
that by regulating the burners the thermocouples showed a quick re-
sponse to heating and cooling.
Chromel-alumel thermocouples were used and the temperatures
were measured by means of a potentiometer. Each sagger had two
thermocouples, one inserted one inch from the outside walls and the
other buried three-fourths of an inch deep in the gypsum. The time-tem-
perature curve shown in Fig. 2 was followed. When the desired tem-
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perature was reached it was held for two hours in order that the ma-
terial might be uniformly calcined. The temperatures as shown on the
charts are correct to ± 20 deg. C.
This method was fairly satisfactory but slow, since only four
batches of gypsum could be calcined at one time.
The final grinding of the plasters was accomplished by first putting
them through a Braun pulverizer. The material was then screened
through a Tyler standard 100-mesh sieve and sealed in mason jars.
9. Physical Tests Employed for Testing Plasters.-The following
tests were used in investigating the properties of the plasters:
Normal Consistency
The drop-ball test was used for the determination of normal
consistency. The requirements for this test are that a ball of plaster
two inches in diameter dropped from a distance of two feet must not
crack, nor the resulting mass have a diameter of more than four inches.
Temperature Rise During Hydration
After the proper amount of water was ascertained the plaster was
placed in a paraffined paper cup, a thermometer was inserted, and the
temperature was read at regular intervals until there was no further
temperature increase.
Time of Set
This was determined by means of Gilmore needles such as are used
in the testing of Portland cement. The time at which a needle 1/12 in.
in diameter weighted to 1Y lb. would no longer penetrate the flat sur-
face of the plaster in the cup, was taken as the time of initial set, and the
time at which a needle 1/24 in. in diameter and weighted to 1 lb. would
not penetrate the plaster was taken as the time of final set.
Shrinkage
The linear shrinkage was measured on the tensile strength test piece
by means of Vernier calipers, reading to 0.1 mm., the measurements
being correct to within ± 0.3 per cent.
Tensile Strength
A weighed amount of plaster was mixed with an accurately meas-
ured amount of liquid, as determined by the normal consistency test.
When the plaster was thoroughly mixed it was formed into briquettes
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in standard tensile strength specimen molds such as are used for the
testing of Portland cement. An excess of plaster was used in filling
the molds and after the initial set the excess was struck off. Three to
six briquettes were made, allowed to dry for seven days in the air, and
broken in a standard Riehle shot machine. It was found that better re-
sults could be obtained if the briquettes were padded with a strip of
blotting paper where they came in contact with the clips of the test-
ing machine, as this prevented them from shearing between the clips.
10. Experimental Procedure and Results.-
Method No. 1
Rock gypsum from Fort Dodge, Iowa, was used in this test. The
properly sized raw material was soaked in saturated (but not super-
saturated) solutions of Glauber's salt, potash alum, and borax. Crystals
of these salts were introduced into the solutions in order to cause the
supersaturated solutions to deposit crystals.
The amount of salts that a material will absorb from a saturated
solution depends on the concentration of the solution and the porosity
and other physical characteristics of the material.
The solubility of Glauber's salt in 100 grams of HO2 at 15 deg. C. =
39.8 gr.
The solubility of potash alum in 100 grams of H20 at 15 deg. C. =
9.6 gr.
The solubility of borax in 100 grams of H20 at 15 deg. C. = 4.0 gr.
The rock gypsum will therefore absorb considerably more Glauber's
salt than it will alum or borax.
After being thoroughly saturated the gypsum was removed from
the solution, drained, dried, and calcined for two hours at 450, 550,
650, and 750 deg. C. The calcined material was then ground to the
desired fineness as noted in Section 8. The time-temperature curve for
calcination is shown in Fig. 2.
The results were not altogether satisfactory in comparison with
those noted for Keene's cement (see p. 8). The maximum tensile
strength of 550 lb. per sq. in. was attained by gypsum treated with
Glauber's salt solution and calcined at 450 deg. C. The calcination at
higher temperatures resulted in a decrease in strength, the increased
temperature destroying the effect of the salts used.
It is worthy of note that at all temperatures of calcination the
Glauber's salt treatment produced the highest strength, with alum
treatment, untreated gypsum, and borax treatment following in order
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METHOD NO. 1
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(see Fig. 3). The addition of borax appears to be detrimental to the
development of the strength of plasters, at least when used under the
conditions specified. The superior strength produced by the Glauber's
salt treatment over that produced by the alum treatment is probably
due to the solution of Glauber's salt used in the treatment being more
concentrated than the alum solution; hence more of that salt was ab-
sorbed by the gypsum.
The rise-of-temperature curves show that the temperature of
hydration decreases as the temperature of calcination is increased
(see Fig. 3). There also appears to be a relation between the rise in
temperature and time of set, for the slower the setting the lower is the
rise in temperature. This would be expected, as setting is a chemical
reaction, and when this is slow the heat is evolved at a slower rate.
The amount of water necessary for normal consistency also de-
creased with the temperature of calcination (see Fig. 3). This state-
ment holds true for the pure gypsum as well as for gypsum that has
been treated with salts.
The rate of setting was accelerated by the addition of Glauber's
salt and alum; borax, however, acted as a retarder (see Fig. 3). In this
test the plasters containing Glauber's salt set more rapidly than the
others. This is probably due to the fact that these plasters contained a
higher percentage of the added salt than did those treated with alum.
Further experiments by other methods show that a given percentage
of alum produces greater acceleration of the rate of setting than the same
percentage of Glauber's salt.
These results apparently show that the more rapid the set, the
greater is the strength. This statement may be true for this method
of adding the salts, but is not true for all methods.
In these tests shrinkage in setting was practically negligible for
plasters that set rapidly. Shrinkage, however, became apparent when
the time of set increased appreciably (see Fig. 3). The strength de-
creased rapidly with increased temperature of calcination (see Fig. 3).
Potassium sulphate reacted with the gypsum and formed syngenite.
Although these results are interesting, this method of treatment
was abandoned because higher tensile strengths were obtained by other
methods.
Method No. 2
Southard and Fort Dodge gypsums were used in this test and were
calcined for two hours at temperatures of 450, 550, and 650 deg. C.
The time-temperature curve is shown in Fig. 2.
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FIG. 4. TIME OF INITIAL AND FINAL SET FOR PLASTERS PREPARED ACCORDING TO
METHOD NO. 2
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FIG. 5. TENSILE STRENGTH FOR PLASTERS PREPARED ACCORDING TO
METHOD No. 2
The plasters were prepared by mixing with weighed portions
of the calcined gypsum enough salt solution to introduce Glauber's
salt and potash alum in amounts of one, two, and four per cent, respec-
tively, of the weight of gypsum for each of the calcines. Borax was
used with Fort Dodge gypsum calcined at 550 deg. C.
The time of set, heat of hydration, and tensile strength determina-
tions were made as before. When the rate of setting was not too rapid,
the normal consistency was determined by means of the drop ball test
previously described. Some of the plasters proved too rapid in setting
to permit of testing.
The plasters calcined at the lower temperatures and prepared by
adding the salts in the mixing water showed an exceptionally rapid rate
of setting (see Fig. 4). This did not allow sufficient time for proper
mixing of the plaster and preparation of the test specimens, and this fact
will account in large measure for the apparently erratic results. It was
impossible to check the results of tensile strength tests on these mixtures,
although a duplicate series of tests was made.
The results show that there is a marked decrease in the strength
developed and also a great increase in the time of set for temperatures
of calcination above 550 deg. C. This is due to the decreased solubility
of the gypsum at high temperatures. These plasters show no shrinkage
I -- wf /a/ I
Ou I
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FIG. 6. WATER CONTENT TO OBTAIN NORMAL CONSISTENCY FOR PLASTERS PREPARED
ACCORDING TO METHOD NO. 3
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FIG. 7. TENSILE STRENGTH FOR PLASTERS PREPARED ACCORDING TO
METHOD NO. 3
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in setting. The maximum strength of 600 lb. per sq. in. was developed
with Southard gypsum calcined at 550 deg. C. with the addition of 2
per cent potash alum in solution. An increase in concentration of the
sulphate solution generally resulted in an increase in strength when the
plasters were calcined at a given temperature. This may not hold true
for more concentrated solutions. Borax acted as a retarder in the
same manner as found for method No. 1.
The tensile strength of plasters burned to the same temperatures
and hydrated with water alone was not so great as of those to which ac-
celerators were added, as shown in Fig. 5.
Commercial Keene's cement is made by this method, but it is prob-
able that the amount of soluble sulphates added is much smaller than
that used in these tests.
Method No. 3
Rock gypsums from Fort Dodge, Iowa, and Southard, Oklahoma,
were used in this test. The material was sized as previously noted in
Section 8 and burned to 350 deg. C. The burning curve given in Fig. 2
was followed in this burn, and the temperature was held constant for
two hours at the desired figure. The burned gypsum was then crushed
to pass a 100-mesh screen. Accurately weighed portions of the ma-
terial were mixed with solutions containing respectively one, two, and
four per cent of Glauber's salt and potash alum, and the mixtures were
allowed to set. Borax solutions were also used with Fort Dodge gypsum
calcined at 550 deg. C. The amounts of solution added in these tests
were from 80 to 100 per cent by weight of the plaster used. This large
amount of solution was purposely added in order to saturate the plaster
thoroughly with the salts. The set plaster was then broken in pieces
and burned to the desired temperature, which was held constant for
two hours, the rate of burning being that shown in Fig. 2. After cal-
cination the material was ground to pass a 100-mesh screen. As a gen-
eral rule, increased temperature of calcination reduced the amount of
water necessary to obtain normal consistency (see Fig. 6).
The results of these tests show conclusively the effect obtained by
adding the soluble salts to gypsum calcined at 350 deg. C. and then
recalcined at higher temperatures.
In all cases for the same temperature of calcination an increase
of salt concentration gave an increase in tensile strength (see Fig. 7).
The results show that the addition of either Glauber's salt or alum will
produce a very strong plaster, and there does not seem to be any marked
difference between the two gypsums used. The maximum strength with
the addition of one per cent of Glauber's salt and potash alum was
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FIG. 8. TIME OF INITIAL AND FINAL SET FOR PLASTERS PREPARED ACCORDING
TO METHOD No. 3
ILLINOIS ENGINEERING EXPERIMENT STATION
reached at 450 deg. C. With the addition of two per cent Glauber's salt
the maximum strength was reached at 550 deg. C.
With the addition of two per cent of potash alum the maximum
strength for Fort Dodge gypsum was reached when the mixture was
calcined at 550 deg. C.; for Southard gypsum the maximum strength
was given by calcining at 450 deg..C. The test of this latter material
was not satisfactory as the test pieces were faulty. With four per cent
of alum the greatest strength was reached with a calcining temperature
of 550 deg. C.; with four per cent of Glauber's salt a calcining temper-
ature of 650 deg. C. gave the maximum strength. In the majority of
cases for the addition of equivalent percentages, alum produced higher
strength than Glauber's salt. The maximum strength obtained in these
tests for all plasters tested, however, was obtained with Southard gypsum
with the addition of four per cent of Glauber's salt, the mixture being
calcined at 650 deg. C. The addition of borax resulted in a decrease in
strength.
These plasters set much more slowly than those to which the same
percentage of salts had been added after calcination, indicating that
calcination tends to decrease the tendency of the salts to act as accel-
erators.
The curves of Fig. 8 show that potash alum was a more powerful
accelerator than Glauber's salt. The time of set was increased by in-
creased temperature of calcination, and there does not appear to be any
relation between the time of set and the tensile strength. When the time
of set was greater than 24 hours it was not measured, for it was assumed
that drying helped to cause a hardening of the plaster. Borax acted as a
retarder.
Figure 9 shows that there is a relation between the time of set, the
temperature of hydration, and the shrinkage. The rise in temperature
during hydration decreased with the temperature of burning. This
would be expected, since the increased temperature causes the chemical
processes to be retarded. The more rapidly the chemical changes take
place in exothermic reactions, the greater is the amount of heat evolved
in a given time.
The results show that the higher the temperature attained in burn-
ing the gypsum the greater was the shrinkage. This is due to the
increased time of set, which allows the particles to draw closer together
before forming a rigid mass.
The plasticity, i.e., the ease with which the plaster could be spread,
increased with the time of set and the temperature of burning. The plas-
ters produced by method No. 3 were more plastic than those produced
by methods Nos. 1 and 2.
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Iron in the raw materials caused a darkening of the color, and this
deepening of color became more pronounced with increased temperature
of calcination. Plasters made from Fort Dodge gypsum were darker
than those prepared from Southard gypsum on account of more iron be-
ing present in the former. The presence of alum caused the color due to
iron to be intensified. The addition of two per cent of Glauber's salt
caused an efflorescence on the surface of the br:quettes.
III. MICROSCOPIC STUDY OF THE SETTING OF PLASTERS
11. Object of Microscopic Study.-This study was made in order
to check the results obtained by the methods previously employed, and
at the same time to gain an insight into the mechanism involved in the
setting of plasters.
12. Optical Properties of Compounds Involved.-
Crude Gypsum
Gypsum occurs in massive beds, in crystals, in finely granular
aggregates, and in fibrous masses, under a great variety of conditions.
The crystals are monoclinic, euhedral, usually simple in habit,
commonly flattened parallel to (010), sometimes prismatic in the di-
rection of the c axis, sometimes by development of (111) and other
forms, and sometimes acicular in habit parallel to the c axis. They
are optically positive. The plane of the optic axis is parallel to (010)
at ordinary temperatures. The acute bisectrix is inclined 522 deg.
to the c axis in the obtuse angle and is noticeably dispersed. The
axial angle is large; the dispersion is strong and inclined; p is greater
than v; refraction and double refraction are low.
a =1.5208 = 1.5220 -y=1.5305 7y- a =0.0097
In sections parallel to (010), since the X-ray is inclined 3712 deg. to the
c axis, the elongation in acicular crystals is negat've.
With rise of temperature the angle of the optic axes decreases,
becoming 0 deg. for red light at 116 deg. C. Above this temperature the
angle opens in the plane perpendicular to (010).
Calcined Gypsum
The optical properties of calcined gypsum are not so well known.
Davis* has stated that when monoclinic gypsum is heated, it is very
*Davis, W. A., Jour. Chem. Ind., 25, 727, 1907; quoted in J. W. Mellor, "Comprehensive Treatise
on Inorganic and Theoretical Chemistry," Vol. III, p. 770.
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probably converted into a second rhombic form of gypsum; and that
before monoclinic gypsum is dehydrated, it first changes into the
rhombic form. Lacroix* has shown that when a plate of gypsum is
heated, long needles appear within the crystal, and that they are
elongated in the direction of the vertical axes of the gypsum and give
a rigidly longitudinal extinction.
Davist concluded that the setting of plaster of Paris is not sim-
ply a regeneration of gypsum by the rehydration of the hemi-hydrate,
for if the setting is observed under the polarizing microscope, "not a single
gypsum crystal can at first be detected in the set mass; the cake of set
material during the first quarter of an hour after it has hardened to a
coherent mass which is only slightly indented by the finger-nail, is made
up of crystals showing a straight extinction only, and therefore probably
orthorhombic. The first product of the setting of the half hydrate
(or soluble anhydride) is, indeed, the same orthorhombic dihydrate as is
produced in the first stage of the dehydration of gypsum. Gypsum
crystals subsequently make their appearance within the set mass
owing to the fact that the orthorhombic form of the dihydrate is
labile at ordinary temperatures and undergoes change, more or less
rapidly, during the course of several hours or days, the time varying
greatly, into the more stable form of gypsum."
The author has noted the change of the optical properties of gypsum
upon heating and has found the dehydrated crystals to have parallel
extinction with positive elongation. He has failed to note the change
on setting reported by Davis, but is inclined to believe that there is an
orthorhombic form developed in the slow setting plasters which appears
as a micro-crystalline aggregate that goes into solution and then re-
crystallizes as monoclinic gypsum. With the fast setting plasters this
micro-crystalline material did not appear, the crystals being formed
as monoclinic crystals directly from solution.
Potassium Alum (Kalinite), (S0 4)2.12H 20
This occurs in artificial crystals as well developed cubes, octa-
hedrons and pyritohedrons. In nature it is usually fibrous or in crusts.
n = 1.4557.
Glauber's Salt (Mirabilite), Na 2SO 4.10H 20
This occurs as monoclinic crystals. These crystals are like pyroxenes
in habit and are optically negative, a = 1.396, 3 = 1.410, y = 1.419,
y - a = 0.023.
*Quoted by J. W. Mellor in "Comprehensive Treatise on Inorganic and Theoretical Chemistry,"
Vol. III, p. 770.
tDavis, W. A., Jour. Chem. Ind., 26, 727, 1907; quoted in J. W. Mellor, "Comprehensive Treatise on
Inorganic and Theoretical Chemistry," Vol. III.
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Syngenite, K 2S0 4.CaSO 4
This occurs as either monoclinic laths or acicular crystals elongated
parallel to the c axis. The indices of refraction are:
a = 1.500 0 = 1.518 7 = 1.519 y - a = 0.19
X = a; angle between Y and c = 2'3'; Z = b
Since 0 is very close to 7 and Y is close to c, the elongation is positive.
13. Methods Employed for the Preparation of Specimens.-Southard
gypsum was screened through a 1Y-in. mesh sieve, and that retained on a
35-mesh sieve was used in these tests. The gypsum was placed in a nickel
crucible and calcined in a small electric resistance furnace, the temper-
atures being measured with a noble metal thermocouple. Figure 10a
shows the time-temperature rate of the initial calcination to 350 deg. C.
After calcination the gypsum was crushed to pass a 20-mesh sieve, and
then mixed with a measured amount of solutions which contained one,
two, and four per cent, respectively, of Glauber's salt and potash alum,
calculated on the basis of the plaster used; the mixtures were then allowed
to set. The set plasters were dried at room temperature and calcined
at 450, 550, 650, and 750 deg. C. according to the time-temperature
curve shown in Fig. 10b. When the desired temperature was reached
the plasters were held at that point for two hours. A sample of the
raw gypsum was calcined at the same time. After calcination all plasters
were ground to pass a 100-mesh screen.
Commercial pottery plaster and Keene's cement were used as
received.
14. Technique of Investigation.-Slides for the optical study of these
plasters were prepared by placing a drop of water or solution contain-
ing salts on a glass slide and mixing a little of the plaster with it, and
then protecting the mixture with a cover glass. When it was desired to
examine the mixture after a number of days, the outside edges of the
cover glass were sealed by using a solution of cooked Canada balsam
dissolved in benzol;* this method proved very efficient in preventing
the evaporation of the solutions.
The optical methods of examination mostly employed were the
determination of the extinction angles, the sign of the elongation, and
the crystalline form. Only the crystals of set gypsum showed inclined
extinction and negative elongation; the anhydrous crystals gave parallel
extinction and positive elongation. The extinction angles and the sign
*"Hydration of Portland Cement," U. S. Bureau of Standards Bul. No. 43.
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of the elongation were easily determined by using the gypsum plate
inserted between crossed nicols.
The micro-crystalline matter can be detected only if high magnifi-
cation be used and a gypsum plate be inserted between crossed nicols.
With low power the micro-crystalline matter appears amorphous.
15. Experimental Methods and Results.-This phase of the work
covered the examination and study of the following:
(a) Pottery plaster and anhydrous gypsum mixed with water and
with solutions of potash alum and Glauber's salt.
(b) Plasters treated with Glauber's salt and potash alum by the
addition of salts after calcination.
(c) Plasters prepared by calcining at 350 deg. C. and recalcining
the resultant product.
(d) Gypsum calcined at temperatures ranging from 450 to 750
deg. C. with the addition of water.
(e) Set plasters.
(f) Crystallization of gypsum from dilute solutions.
(a) Pottery Plaster and Anhydrous Gypsum Mixed with Water and with
Solutions of Potash Alum and Glauber's Salt.
These tests were made with the plasters placed on glass microscope
slides and then covered with cover glasses, the edges of which were
sealed with Canada balsam.
Pottery Plaster with Solution Containing 10 per cent of Potash Alum
The characteristic monoclinic gypsum crystals of CaSO . 2H20
were present at the end of two minutes. At the end of two hours the
slide was well covered with crystals, and there was little additional
crystallization after that time. The crystals tended to be long and
acicular, the largest being developed at the edges of the slide where they
had the most room to grow and where the concentration of plaster was
the least.
These crystals grew directly from the solution. The first appearance
was a thin narrow needle which gradually became thicker and longer.
As soon as the crystals became large enough their optical properties were
determined, and they were found to be monoclinic.
Pottery Plaster with Solution Containing 10 per cent of Glauber's Salt
A few crystals were developed at the end of eight minutes; numerous
crystals were present at the end of 222 hours; and at the end of 15 hours
I
FIG. 11. GYPSUM CALCINED AT 650 DEC. C. (x 100)
Slide was prepared by the addition of water to a small amount of gypsum calcined at 650
deg. C. This picture was taken at the end of fifty days. Crystals grew by the dissolving of the
micro-crystalline matter which recrystallized in the large crystals of gypsum with rhombic habit.
These crystals increased in size with age and at the time that this picture was taken were still
growing. The black material is micro-crystalline matter.
yFIG. 12. SOUTHARD GYPSUM CALCINED AT 550 DEG. C. WITH LARGE EXCESS OF FOUR
PER CENT ALUM SOLUTION (X 100)
The less dense portion of a microscope slide prepared by the addition of a large excess of
4 per cent alum solution to a small amount of Southard gypsum calcined at 550 deg. C. Note
the long acicular crystals of monoclinic gypsum and the absence of micro-crystalline matter.
FIG. 13. SOUTHARD GYPSUM CALCINED AT 450 DEG. C. WITH LARGE EXCESS OF FOUR
PER CENT GLAUBER'S SALT SOLUTION (X 100)
The less dense portion of a microscope slide prepared by the addition of a large amount of
4 per cent Glauber's salt solution to a small amount of Southard gypsum calcined at 450 deg. C.
Note the small rhombic crystals and the absence of micro-crystalline matter. The crystals did not
make their appearance as early as they did in the slide shown in Fig. 12.
FIG. 14. SOUTHARD GYPSUM CALCINED AT 550 DEG. C. WITH LARGE EXCESS
OF FOUR PER CENT GLAUBER'S SALT SOLUTION (X 100)
Different parts of a microscope slide prepared by adding a large excess of 4 per cent
Glauber's salt solution to a small amount of Southard gypsum calcined at 550 deg. C.
Note large number of small crystals in the upper right-hand corners of the micrographs
where the concentration of the plasters was greatest. The crystals surrounding these are
much larger and the background is micro-crystalline matter. Most of the large black
spots are crystals of dehydrated gypsum undergoing alteration to micro-crystalline matter.
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the plaster was well crystallized. At the end of 24 hours there was no
further crystal development. These crystals were not so acicular as
those developed with the alum solution.
Pottery Plaster with Water Added
A very few crystals were developed at the end of one hour and ten
minutes; numerous crystals were present at the end of 2 hours, and the
slide was nearly covered at the end of 15 hours. At the end of 24 hours
the plaster was completely crystallized. The crystals present tended
to be acicular, but were thicker than those developed on the two pre-
ceding slides. Swallow-tail twins were common.
Southard Gypsum (burned at 450 deg. C) with a 10 per cent
Potash Alum Solution Added
A few crystals were developed at the end of one hour; at the end
of 21Y hours a few more were present; and at the end of 15 hours the
plaster was completely crystallized. The crystals were acicular in the
less concentrated parts of the slide, while in the more concentrated por-
tions they were rhombic.
Southard Gypsum (burned at 450 deg. C.) with a 10 per cent
Glauber's Salt Solution Added
No crystals were developed at the end of one hour; at the end of
2Y hours there were a few crystals present; and at the end of 24 hours
the plaster was completly crystallized. The crystals tended to be
rhombic.
Southard Gypsum (burned at 450 deg. C.) with Water Added
At the end of seven days there were no monoclinic crystals present,
although there was considerable micro-crystalline matter. At the end
of 15 days the plaster was well crystallized. The crystals were com-
paratively large and rhombic and grew at the expense of the micro-
crystalline matter.
Southard Gypsum (burned at 650 deg. C.) with a 10 per cent
Potash Alum Solution Added
No crystals were developed at the end of one hour; at the end of
2Y hours there were a few crystals present; numerous crystals were
present at the end of 15 hours; and at the end of 24 hours the plaster
was well crystallized. The crystals were rhombic.
Southard Gypsum (burned at 650 deg. C.) with a 10 per cent
Glauber's Salt Solution Added
No crystals were developed at the end of one hour; at the end of
2Y2 hours the slide was nearly covered with micro-crystalline material,
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but very few crystals were developed. There were only a few additional
crystals present at the end of 24 hours, but at the end of 48 hours the
plaster was completely crystallized. The crystals were fairly large and
rhombic.
Southard Gypsum (burned at 650 deg. C.) with Water Added
At the end of three days no crystals were developed but the slide
was well covered with micro-crystalline matter. At the end of 12 days
there were still no crystals present. At the end of 19 days some large
rhombic crystals were developed; these kept increasing in number and
size. Actual measurements made on individual crystals showed that they
grew slowly, and at the same time the amount of micro-crystalline
matter decreased. At the end of 60 days this crystallization was still
in progress. One small monoclinic crystal noted, disappeared in solution
and it is quite probable that others did likewise (see Fig. 11).
Pottery Plaster with Concentrated Glauber's Salt Solution
Monoclinic gypsum crystals were first noted at the end of 49
minutes. There was a large amount of powder on the slide and only a
small amount of solution.
Pottery Plaster with Concentrated Potash Alum Solution
The crystals started to grow at the end of 3 2 minutes.
Discussion of Results
The results of the foregoing tests show very markedly the effect of
Glauber's salt and alum as accelerators.
When the crystallization was extremely rapid, the crystals were
long and acicular, as shown in Fig. 12, corresponding to the crystals in
natural satin spar. Tutton* speaks of gypsum forming long acicular
crystals by the slow precipitation of gypsum upon the evaporation of a
drop of mixed solution of sulphuric acid and calcium chloride. The
author is inclined to disagree and to believe that in reality this is a rapid
method of producing crystals and that long acicular crystals of gypsum
are the product of rapid crystallization.
When the crystallization was slower there was a tendency for the
plasters to form crystals with a rhombic habit, corresponding to natural
selenite crystals which have had room for development (see Fig. 13).
Where there was a very slow crystallization there was a tendency towards
formation of the micro-crystalline material; this seemed to develop from
the disintegration of the larger crystals of anhydrous gypsum. This
micro-crystalline material appeared as a decomposition product and in
*Tutton, "Natural History of Crystals."
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many cases the author noted the progression of this change. Under high
power magnification this material was seen to consist of small fibers
having parallel extinction, thus corresponding to small orthorhombic
crystals of dehydrated gypsum. The large crystals of dehydrated
gypsum gradually lost their clear cut form and the micro-crystalline
material formed on the surface. This material disappeared in solution
and reappeared as clear cut crystals of monoclinic gypsum (see Fig. 14).
The results of these tests show that Glauber's salts and potash alum
act as accelerators and that the latter is the more powerful. The speed
of crystallization is retarded by an increase in the temperature of cal-
cination, and, since the rate of setting depends on the speed of crystalli-
zation, this is also retarded.
The retardation of crystallization by a solution of concentrated
Glauber's salt was due to the increase of the solubility of the gypsum in
solution (see Section 14).
(b) Plasters Treated with Glauber's Salts and Potash Alum by the
Addition of Salts after Calcination (as in Method No. 2).
The microscope slides were prepared as before. Solutions contain-
ing one and four per cent, respectively, of the salt solution were used
with anhydrous gypsum calcined at 450, 550, 650, and 750 deg. C., re-
spectively. Two slides were prepared for each plaster and each concen-
tration of solution, one containing a very small amount of plaster in the
solution, the other a great amount. However, none of these mixtures were
as concentrated as the plaster mixtures ordinarily used, since such mix-
tures would be very difficult to examine under the microscope.
A record was kept of the time at which crystallization was first
noted, and the slides were examined each day thereafter. The results
of this microscopic examination are recorded in Table 1.
As the temperature of calcination was increased, the progress of
crystallization became slower.
As a rule an increase in rate of crystallization occurred with the small
excess of solution; this effect was more marked with the Glauber's salt
solution than with the alum, since with the latter the crystallization
was so rapid that it was difficult to detect any difference between the
cases.
The size and shape of crystals were dependent upon the rate of
crystallization in the same manner as in the case already discussed
(see p. 30). Of the crystals which developed rapidly those in the less
dense portions of the slide were long and acicular, while those in the
dense portions were small and rhombic. This may have been due to the
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fact that there were more possible centers of crystallization in the
denser portions.
If the plaster started to crystallize fairly rapidly within two days,
then the crystals were small. Increased temperature of calcination
apparently was conducive to the growth of smaller crystals. Grimsley
explains this as being due to the finer comminution of gypsum by higher
temperatures of calcination.
When the crystallization was greatly retarded, micro-crystalline
matter made its appearance; if the plaster crystallized, this material
disappeared. This micro-crystalline matter may have been conducive
to the greater plasticity of the plasters that were slow setting, because
of the greater mobility of this'material. In all cases studied, alum was a
more powerful accelerator than Glauber's salts, and with a solution of
either, the setting of the plaster was more rapid than with water alone.
The author is not as yet able to explain the retardation of crystalli-
zation in the case of the plaster calcined at 650 deg. C. and mixed with
4 per cent potash alum solution (see Table 1).
(c) Plasters Prepared by Calcining at 350 deg. C. and Recalcining the
Resultant Product (as in Method No. 3).
The plasters were prepared as described in Section 13. Two slides
were prepared for each plaster, one containing a small excess and the
other a large excess of water. The edges of the cover glasses were sealed
with Canada balsam.
The reactions on the slides were noted in the same manner as in the
preceding tests, and the results of the microscopic examination are
given in Table 2.
The results verify those given for the preceding tests, showing that
alum is a more powerful accelerator than Glauber's salt, and that an
increase in the temperature of calcination results in the slower develop-
ment of crystals. The crystals grew faster with a small excess of water,
and the faster this growth the smaller were the rhombic crystals devel-
oped. The crystallization did not seem to be sufficiently rapid to produce
acicular crystals. The growth of crystals by the dissolving of the
micro-crystalline matter was very noticeable where the rate of formation
of crystals was sufficiently retarded. The alteration of the crystals of
anhydrous gypsum was very pronounced, especially where Glauber's
salt was present.
The increased plasticity of the plasters prepared by method No. 3
is probably due to the micro-crystalline matter formed, as well as to the
retardation of the time of set.
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The crystals of anhydrous gypsum were very much smaller than
those developed where raw gypsum was not recalcined as in method
No. 2. This was especially pronounced when the plasters were calcined
at 650 deg. and 750 deg. C., the increase in the temperature of calcin-
ation apparently resulting in the comminution of the crystals.
It should be noted that there was not as large a percentage of the
salt present as when it was added in solution as in method No. 2.
This may account in part for the slow growth of crystals, but is probably
due largely to the effect of calcination as observed in the physical tests.
The author is unable to explain why the addition of water to the
plaster containing four per cent of alum and calcined at 650 deg. C.
failed to cause a growth of crystals. This may indicate the existence of
a critical point of some kind, as the same phenomenon was noticed with
the addition of four per cent alum solution to plaster calcined at 650 deg.
C. as in method No. 2. (see Table 1.)
(d) Gypsum Calcined at Temperatures Ranging from 450 to 750 deg.
C. with Water Added.
Included under item (a) of this section are some data relative to the
crystallization of pottery plaster made from Southard gypsum calcined
at a lower temperature. The pottery plaster showed the development
of crystals at the end of one hour and ten minutes. In the present case
Southard gypsum was calcined with the other plasters to temperatures
ranging from 450 to 750 deg. C. The slides were prepared as in the pre-
ceding experiments.
Southard Gypsum Calcined at 450 deg. C.; Large
Excess of Water Added
Micro-crystalline matter was present at the end of a few days.
At the end of 12 days a few crystals of gypsum were developed and at
the end of 14 days the plaster was well crystallized in the denser parts
of the slide. The crystals were smallest in the densest parts of the slide
and increased in size towards the less dense portions. There was con-
siderable micro-crystalline matter present at the outer edges of the
slide and this gradually disappeared as the crystals increased in number
and size. The large crystals of the original calcined gypsum gradually
disappeared in the solution and seemed to disintegrate into the micro-
crystalline matter. The surfaces of the large crystals lost their sharp
outlines and became rather fuzzy in appearance.
Southard Gypsum Calcined at 450 deg. C.; Small Excess of Water Added
The crystallization was practically the same as in the previous
case, except that the crystals were more numerous. At the end of 30
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days in both cases the crystals were still growing, and the micro-crystal-
line matter becoming less.
The plasters burned at 550, 650, and 750 deg. C. did not hydrate
and crystallize within the 30 days. There was some micro-crystalline
matter present in each case, but this seemed to diminish with the tem-
perature of burning. Increased temperature of burning tended to cause
the particles of anhydrous gypsum to be smaller.
In item (a) of this section mention is made of the growth of crystals
with Southard gypsum calcined at 650 deg. C. In that case the plaster
was burned at a different temperature rate and under different con-
ditions; this may account for the difference in results.
(e) Set Plasters
The examination of these plasters is very difficult owing to the small
crystals present, and can be satisfactorily made with high power magni-
fication only. The use of a gypsum plate is of value in determining the
structure of the plasters. All samples of the plasters examined were
selected from the test pieces prepared for the tensile strength tests, with
the exception of one of pottery plaster, which was taken from a plaster
mold. Both grains and thin sections were used.
Examination of Grains of Hydrated Plaster Prepared from Gypsum
Calcined at 450 deg. C. and Set with Water
A large part of this plaster was not hydrated as large crystals of
dead burned gypsum were present, although some crystals present were
so small that their optical properties could not be determined.
Examination of Grains of Plaster Prepared by the Calcination of Gypsum at 450 deg.
C. and Set with the Addition of a Solution which Contained 1 per cent of
Glauber's Salt (based on the weight of dry plaster)
Very few crystals that could be considered as the orthorhombic
modification of dead burned gypsum were found. Most of the crystals
were micro-crystalline in size.
Examination of Grains of Plaster Prepared by the Calcination of Gypsum at 450
deg. C. and Set by the Addition of a Solution which Contained 4 per cent
Potash Alum (based on the weight of dry plaster)
The whole mass of the set plaster seemed to be made up of micro-
crystals oriented in all directions.
Examination of Grains of Plaster Prepared by the Calcination of Gypsum at 650
deg. C., Set with the Addition of Water
There were very few small crystals present; in general the crystals
were large and easily determined as crystals of dehydrated gypsum.
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Examination of Thin Sections*
Section A was cut from a tensile strength specimen prepared by
calcining Southard gypsum at 350 deg. C., adding a solution containing
4 per cent by weight of potash alum, and recalcining the resulting hy-
drated plaster to 650 deg. C.
Section B was prepared in the same manner as Section A, except
that Glauber's salt was used in place of alum.
Section C (pottery plaster) was prepared from a piece of a pottery
mold.
The structures of sections A and B were almost identical and re-
sembled that of an exceptionally fine grained quartzite, the crystals all
being of practically the same size, oriented in various directions. On
account of their interference with each other during development the
crystal faces could not be distinguished.
The crystals in the thin section of pottery plaster were very small
and some had parallel extinction. It is probable that the plaster had
not been completely hydrated, as the sample was taken from a small
piece of plaster that had been allowed to dry rather quickly in air.
The crystal structure shown in thin sections A and B was entirely
different from that of the sample of pottery plaster examined. The hard
finish plasters were much denser, due probably to the smaller amount
of mixing water used.
16. Solubility of Gypsum.-G. A. Hulett and L. E. Allent have
determined the solubility of gypsum in water in a state of normal satur-
ation expressed in grams of calcium sulphate (CaS0 4) per 100 cc. of
solution. The values given herewith are partly interpolated.
Temp. deg. C......... 0 10 20 30 40 50 60
Solubility (gr. CaSO4
per 100 cc. solution)0.1759 0.1928 .... 0.209 0.2097 0.2038 0.1996
Cavazzit obtained supersaturated solutions with 0.947 grams of CaSO 4
per 100 cc. Marignact found that when a quantity of plaster of Paris
is shaken with water for five minutes and rapidly filtered, the fil-
trate is five times more concentrated than a saturated solution of
gypsum, and the solubility of this fine grained gypsum is much greater
than that of the coarse grained material. He also states that it is ex-
ceedingly easy to obtain a supersaturated solution of gypsum, and that
it comes very slowly to equilibrium even in the presence of an excess
of solid gypsum.
*These sections were prepared by Harold Tomlinson, Swarthmore, Penn.
tMellor, J. W., "Comprehensive Treatise on Inorganic and Theoretical Chemistry," Vol. III, p. 778.
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Rohland* states that salts which increase the solubility of the gyp-
sum accelerate the set. This is not true in all cases, since Glauber's salt
and potash alum both accelerate the set and at the same time decrease
the solubility of the gypsum.
The solubility of gypsum at 15 deg. C. in the presence of Na 2SO 4
in grams per 100 cc. as determined by Cameron and Breazeale is
GramsNa 2SO 4 ... 0.239 0.9535 1.4132 2.4369 4.615 9.422 14.612 25.7
Grams CaSO... 0.165 0.1547 1.1388 0.1471 0.165 0.198 0.2234 0.265
According to Mellort "The results show that with increasing con-
centration of the more soluble salt, therefore, there is at first a decrease in
the solubility of the calcium salt in accord with the rule for salts with a
common ion, and there is then an increase which can be explained by the
assumption that there are formed complexes between the solvent and
one or more of the solutes, or between the two solutes, or a change in the
density of the solvent."
There are no quantitative data available on the solubility of gypsum
in the presence of potash alum. However, the writer made some qualita-
tive experiments which showed that potash alum decreased the solubility
of calcium sulphate.
A large amount of pottery plaster was taken, distilled water added,
and the mixture shaken vigorously for a few minutes. The solution was
filtered and allowed to stand for one day. At that time there were a large
number of crystals of gypsum deposited on the sides of the test tube.
This confirms the statement of Marignac already given as to the ease of
preparation of a supersaturated solution of CaS0 4.
This solution was then filtered into three small test tubes. To the
first no salts were added, to the second a few drops of 10 per cent Glau-
ber's salt solution, and to the third a few drops of 10 per cent potash
alum solution.
The test tubes were tightly stoppered and allowed to stand for three
days. At the end of that time there were no crystals present in the tube
to which no salts had been added. In the second, which contained the
Glauber's salt, there were a few crystals present; and in the third, which
contained the potash alum, there were a large number of crystals present.
This experiment was repeated in order to check the result. The same
experiment was performed by using gypsum burned at 650 deg. C.
instead of pottery plaster. The results were about the same, except that
in no case were there as many crystals deposited as when pottery plaster
was used.
*Quoted by J. W. Mellor, "Comprehensive Treatise on Inorganic and Theoretical Chemistry," Vol.
III.
tMellor, J. W., "Comprehensive Treatise on Inorganic and Theoretical Chemistry," Vol. III,
p. 805.
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In another test a supersaturated solution of pottery plaster was
filtered into three test tubes, the salts being added to two of them as
above, and the tubes allowed to stand. At the end of one day the crystals
were larger in size in the test tube which contained potash alum than in
those which contained the Glauber's salt or the clear filtrate. The latter
test tube had the smallest crystals.
These experiments showed that both of the sulphates decrease the
solubility of the gypsum, that increased temperature of calcination
decreases the solubility, and that these salts cause a more rapid growth
of the crystals as well as an increase in the quantity deposited. The
work of Cameron and Breazeale show that dilute solutions of Glauber's
salt reduce, and concentrated solutions increase, the solubility of CaSOI.
However, the former accelerate, and the latter retard, the formation of
crystals (see p. 30).
IV. CORRELATION OF OPTICAL STUDIES WITH PHYSICAL TESTS
17. Comparison of Characteristics of Optical Study and Physical Test
Specimens.-The test pieces for the physical tests were made from
mixtures that were very dense and very rarely contained over 40 per
cent by weight of water, while the slides made for the optical studies
were prepared with a large excess of water in order that the crystalliza-
tion of the plasters could be studied to better advantage. The crystals
developed in the plasters as prepared for commercial use were extremely
small, and it was exceedingly difficult to determine their optical prop-
erties, while the crystals which grew on the slides were much larger, and
in most cases their optical characters were readily observed. Although
the concentrations of solutions were very different, the similarity of
certain characteristics was very pronounced.
The physical tests showed that a given amount of alum accelerated
the set more than a like amount of Glauber's salt, and in the slides
monoclinic crystals of gypsum always appeared earlier when alum was
used as the accelerator.
When water without any salts was added to pottery plaster or
to gypsum calcined from 450 to 650 deg. C., the time of set was much
slower than when accelerators were used. The time of set also increased
with increased temperature of calcination. When slides were prepared
from plasters burned at temperatures corresponding to those given and
hydrated with water, it was found that the time of the appearance of
crystals was delayed if no accelerators were added, and if the temper-
ature of calcination was increased.
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When the accelerators were added after calcination the time of set
was much shorter than when the accelerators were added before cal-
cination. In the slides a much longer time was required for the crystals
of monoclinic gypsum to make their appearance when the plasters were
prepared by the latter method.
The observed time of set of plasters depended to a certain extent
upon the amount of water used in mixing, the larger the amount of
solution added the slower was the rate of setting, and the slower the de-
velopment of crystals.
In every case in the same slide the crystals were always smaller in
the denser parts of the slide, due to the larger number of points of
crystallization in those parts, and also to the fact that the crystals did
not have room for maximum development. When the crystals were
closely grouped together their characteristic crystal forms were not in
evidence.
In all cases an increase in the temperature of calcination decreased
the time of set, and it was found to be equally true that an increase in
the temperature of calcination retarded the growth of crystals.
The microscopic examination showed that in many cases it required
a very long time for the plasters to become crystallized, and it was found
(see p. 9) that in some cases, at least, the strength of plasters was
greatly increased by keeping them moist for some time before they were
dried in air, in order that more crystals could be developed.
In slides prepared from set plasters that had a low tensile strength,
many crystals of dehydrated gypsum were observed, which were similar
in form to those found in raw gypsum, but were easily distinguished
by their optical characteristics.
The appearance of the micro-crystalline matter on the slides gave a
clue as to one possible reason for the increased plasticity and high
shrinkage of many of the slow setting plasters. Since plasticity is to a
certain extent dependent upon fineness of grain, the presence of this fine
material would cause an increase in plasticity, and, as at the same time
the particles would draw closer together, a higher shrinkage.
V. THEORY OF SETTING OF HARD FINISH PLASTERS
18. Mechanism of Setting of Plaster.-As has been previously stated,
the mechanism of the setting of plaster of Paris depends upon the CaSO4
going into solution and crystallizing out as CaSO4.2H 20. This process
goes forward until at least enough of the plaster has crystallized to form
a bond.
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It is a well known fact that the addition of set plaster will accelerate
the setting of plaster of Paris. This is undoubtedly due to the addition
of the solid phase to the supersaturated solution, since it is known that
CaS0 4 tends to form supersaturated solutions (see p. 37).
In so far as the writer has been able to determine there is no radical
departure in the mechanism of the setting of the hard finish plasters
from that of plaster of Paris.
It is obvious that if the plaster were insoluble, or if the solubility
were unlimited, there would be no setting reaction. There is then a bal-
ance set up between solubility and precipitation from solution. If some
substance is added to throw the balance toward the latter then the
CaS0 4 will be thrown out of solution.
It has been shown that Glauber's salt to a limited extent and potash
alum to a much greater extent decrease the solubility of gypsum. This
is due to the common ion effect which results from the ionization of these
salts, producing an excess of S04 ions, which causes the less soluble
CaS0 4 to be deposited as crystals. This same process would prevent the
formation of supersaturated solutions of CaSO 4,* and since supersatur-
ated solutions (with water alone) persist for some time in the pre-
sence of the solid phase, and normal saturation is obtained only by ex-
ercising the greatest precautions, it is readily seen how great is this
effect.
This theory is also upheld by the fact that saturated solutions of
Glauber's salt retard the formation of gypsum crystals, since concen-
trated solutions of this salt cause an increase in the solubility of CaS0 4.
Also, the time of set of plasters and the time of the appearance of
crystals in slides is increased by an excess of solution, which would make
necessary a greater time for the solution to become sufficiently concen-
trated to deposit crystals.
Since the anhydrous plaster becomes less soluble, or at least the
rate of solubility becomes less, with increased temperature of calcination
(within the limits of this investigation), it takes a longer time for the
CaSO4 to reach the necessary concentration for the deposition of crystals.
Where the rate of setting is slow and the plasters dry in air, the water
evaporates before a sufficiently long interval of time has elapsed for the
plaster to hydrate, hence there is not sufficient time for the plaster to
reach its maximum strength.
In no case except where K2 S0 4 was used was there any indication
of the formation of any crystals except those of gypsum; thus there are
no indications that the setting is due to the formation of any double
salts when Glauber's salt and alum are used as accelerators.
*J. C. G. Marignac and G. A. Hulett, quoted by Mellor, J. W., "Comprehensive Treatise on Inor-
ganic and Theoretical Chemistry," Vol. III, p. 778.
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VI. CONCLUSIONS
19. Summary of Conclusions.-From this investigation it seems
quite probable that plasters having high strength may be produced at a
relatively low cost in commercial practice, and that their field of use
may be extended.
The greater strength of the plasters calcined at high temperatures,
as compared with those calcined at low temperatures, is probably due to
the more thorough crystallization of the former and also the smaller
amount of mixing water used, this producing plasters of greater hard-
ness and density.
Plasters of widely varying physical properties can be produced by
treating gypsum with soluble sulphates before or after the final cal-
cination; the former method causes the plasters to be more plastic but
at the same time to have higher shrinkage.
Potash alum, on the whole, seems to produce more satisfactory
results than Glauber's salt, but it is quite probable that other soluble
salts may be as efficient as these.
The physical properties of the plaster can also be controlled to a
considerable degree by the temperature of calcination, assum ng that
the concentration of the soluble sulphates remains fixed. The higher
the temperature of calcination (within the limits of this investigation)
the slower are the reactions that take place in setting.
20. Further Desirable Investigations.-The author is of the opinion
that further valuable data can be obtained by a more detailed study of
these plasters, and suggests the following:
(a) A study of the physical properties of plasters produced by
adding the accelerators both before and after calcination, such as
true specific gravity, hardness, compressive strength, porosity, and
thermal conductivity.
(b) A study of the effect of humidity conditions during set-
ting and drying on the strength. This is particularly desirable, and
should be made with pottery plasters as well as with the hard
finish plasters.
(c) A study of the effect of the addition of non-plastics to
plasters which have high strength, but at the same time high
shrinkage.
(d) A study of set pottery plaster to see if it is feasible to pro-
duce from it a hard, strong plaster by the addition of accelerators
either before or after calcination.
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(e) A study of the use of potassium sulphate as an accelerator
and of the effect of the syngenite (K 2S0 4.CaS0 4) thus formed, also
of the use of other salts as accelerators and retarders.
(f) A further study of the properties of plasters burned to
higher temperatures than those covered in this investigation, and
especially of the effects of accelerators on the time of set and physi-
cal properties of estrich plaster.
RECENT PUBLICATIONS OF
THE ENGINEERING EXPERIMENT STATIONt
*Bulletin No. 115. The Relation between the Elastic Strengths of Steel in
Tension, Compression, and Shear, by F. B. Seely and W. J. Putnam. 1920. Twenty
cents.
Bulletin No. 116. Bituminous Coal Storage Practice, by H. H. Stock, C. W.
Hippard, and W. D. Langtry. 1920. None available.
Bulletin No. 117. Emissivity of Heat from Various Surfaces, by V. S. Day,
1920. Twenty cents.
*Bulletin No. 118. Dissolved Gases in Glass, by E. W. Washburn, F. F. Footitt,
and E. N. Bunting. 1920. Twenty cents.
*Bulletin No. 119. Some Conditions Affecting the Usefulness of Iron Oxide
for City Gas Purification, by W. A. Dunkley. 1921. Thirty-five cents.
*Circular No. 9. The Functions of the Engineering Experiment Station of
the University of Illinois, by C. R. Richards. 1921.
Bulletin No. 120. Investigation of Warm-Air Furnaces and Heating Systems,
by A. C. Willard, A. P. Kratz, and V. S. Day. 1921. Seventy-five cents.
*Bulletin No. 121. The Volute in Architecture and Architectural Decoration,
by Rexford Newcomb. 1921. Forty-five cents.
*Bulletin No. 122. The Thermal Conductivity and Diffusivity of Concrete, by
A. P. Carman and R. A. Nelson. 1921. Twenty cents.
*Bulletin No. 123. Studies on Cooling of Fresh Concrete in Freezing Weather,
by Tokujiro Yoshida. 1921. Thirty cents.
Bulletin No. 124. An Investigation of the Fatigue of Metals, by H. F. Moore
and J. B. Kommers. 1921. Ninety-five cents.
*Bulletin No. 125. The Distribution of the Forms of Sulphur in the Coal Bed,
by H. F. Yancey and Thomas Fraser. 1921. Fifty cents.
Bulletin No. 126. A Study of the Effect of Moisture Content upon the Ex-
pansion and Contraction of Plain and Reinforced Concrete, by T. Matsumoto.
1921. Twenty cents.
Bulletin No. 127. Sound-Proof Partitions, by F. R. Watson. 1922. Forty-
five cents.
*Bulletin No. 128. The Ignition Temperature of Coal, by R. W. Arms. 1922.
Thirty-five cents.
*Bulletin No. 129. An Investigation of the. Properties of Chilled Iron Car
Wheels. Part I. Wheel Fit and Static Load Strains, by J. M. Snodgrass and F. H.
Guldner. 1922. Fifty-five cents.
*Bulletin No. 130. The Reheating of Compressed Air, by C. R. Richards and
J. N. Vedder. 1922. Fifty cents.
*Bulletin No. 131. A Study of Air-Steam Mixtures, by L. A. Wilson with
C. R. Richards. 1922. Seventy-five cents.
Bulletin No. 132. A Study of Coal Mine Haulage in Illinois, by H. H. Stoek,
J. R. Fleming, and A. J. Hoskin. 1922. Seventy cents.
*Bulletin No. 133. A Study of Explosions of Gaseous Mixtures, by A. P.
Kratz and C. Z. Rosecrans. 1922. Fifty-five cents.
*A limited number of copies of bulletins starred are available for free distribution.
tOnly a partial list of the publications of the Engineering Experiment Station is published
in this bulletin. For a complete list of the publications as far as Bulletin No. 134, see that bulletin
or the publications previous to it. Copies of the complete list of publications can be obtained without
charge by addressing the Engineering Experiment Station, Urbana, Ill.
A STUDY OF HARD FINISH GYPSUM PLASTERS
*Bulletin No. 134. An Investigation of the Properties of Chilled Iron Car
Wheels. Part II. Wheel Fit, Static Load, and Flange Pressure Strains. Ultimate
Strength of Flange, by J. M. Snodgrass and F. H. Guldner. 1922. Forty cents.
*Circular No. 10. The Grading of Earth Roads, by Wilbur M. Wilson. 1923.
Fifteen cents.
*Bulletin No. 135. An Investigation of the Properties of Chilled Iron Car
Wheels. Part III. Strains Due to Brake Application. Coefficient of Friction and
Brake-Shoe Wear, by J. M. Snodgrass and F. H. Guldner. 1923. Fifty cents.
*Bulletin No. 136. An Investigation of the Fatigue of Metals. Series of
1922, by H. F. Moore and T. M. Jasper. 1923. Fifty cents.
Bulletin No. 137. The Strength of Concrete; its Relation to the Cement,
Aggregates, and Water, by A. N. Talbot and F. E. Richart. 1923. Sixty cents.
*Bulletin No. 138. Alkali-Vapor Detector Tubes, by Hugh A. Brown and
Chas. T. Knipp. 1923. Twenty cents.
Bulletin No. 139. An Investigation of the Maximum Temperatures and Pres-
sures Attainable in the Combustion of Gaseous and Liquid Fuels, by G. A. Good-
enough and G. T. Felbeck. 1923. Eighty cents.
Bulletin No. 140. Viscosities and Surface Tensions of the Soda-Lime-Silica
Glasses at High Temperatures, by E. W. Washburn, G. R. Shelton, and E. E.
Libman. 1924. Forty-five cents.
Bulletin No. 141. Investigation of Warm-Air Furnaces and Heating Sys-
tems, Part II, by A. C. Willard, A. P. Kratz, and V. S. Day. 1924. Eighty-five
cents.
*Bulletin No. 142. Investigation of the Fatigue of Metals; Series of 1923, by
H. F. Moore and T. M. Jasper. 1924. Forty-five cents.
*Circular No. 11. The Oiling of Earth Roads, by Wilbur M. Wilson. 1924.
Fifteen cents.
Bulletin No. 143. Tests on the Hydraulics and Pneumatics of House Plumb-
ing, by H. E. Babbitt. 1924. Forty cents.
Bulletin No. 144. Power Studies in Illinois Coal Mining, by A. J. Hoskin
and Thomas Fraser. 1924. Forty-five cents.
*Circular No. 12. The Analysis of Fuel Gas, by S. W. Parr and F. E. Vanda-
veer. 1925. Twenty cents.
Bulletin No. 145. Non-Carrier Radio Telephone Transmission, by H. A.
Brown and C. A. Keener. 1925. Fifteen cents.
*Bulletin No. 146. Total and Partial Vapor Pressures of Aqueous Ammonia
Solutions, by T. A. Wilson. 1925. Twenty-five cents.
Bulletin No. 147. Investigation of Antennae by Means of Models, by J. T.
Tykociner. '1925. Thirty-five cents.
Bulletin No. 148. Radio Telephone Modulation, by H. A. Brown and C. A.
Keener. 1925. Thirty cents.
*Bulletin No. 149. An Investigation of the Efficiency and Durability of Spur
Gears, by C. W. Ham and J. W. Huckert. 1925. Fifty cents.
*Bulletin No. 150. A Thermodynamic Analysis of Gas Engine Tests, by C. Z.
Rosecrans and G. T. Felbeck. 1925. Fifty cents.
*Bulletin No. 151. A Study of Skip Hoisting at Illinois Coal Mines, by Arthur
J. Hoskin. 1925. Thirty-five cents.
*Bulletin No. 152. Investigation of the Fatigue of Metals; Series of 1925, by
H. F. Moore and T. M. Jasper. 1925. Fifty cents.
'A limited number of copies of bulletins starred are available for free distribution.
ILLINOIS ENGINEERING EXPERIMENT STATION
*Bulletin No. 153. The Effect of Temperature on the Registration of Single
Phase Induction Watthour Meters, by A. R. Knight and M. A. Faucett. 1926.
Fifteen cents.
*Bulletin No. 154. An Investigation of the Translucency of Porcelains, by
C. W. Parmelee and P. W. Ketchum. 1926. Fifteen cents.
Bulletin No. 155. The Cause and Prevention of Embrittlement of Boiler
Plate, by S. W. Parr and F. G. Straub. 1926. Thirty-five cents.
*Bulletin No. 156. Tests of the Fatigue Strength of Cast Steel, by H. F. Moore.
1926. Ten cents.
*Bulletin No. 157. An Investigation of the Mechanism of Explosive Reactions,
by C. Z. Rosecrans, 1926. Thirty-five cents.
*Circular No. 13. The Density of Carbon Dioxide with a Table of Recalculated
Values by S. W. Parr and W. R. King, Jr. 1926. Fifteen cents.
*Circular No. 14. The Measurement of the Permeability of Ceramic Bodies, by
P. W. Ketchum, A. E. R. Westman, and R. K. Hursh. 1926. Fifteen cents.
*Bulletin No. 158. The Measurement of Air Quantities and Energy Losses in
Mine Entries, by A. C. Callen and C. M. Smith. 1926. Forty-five cents.
*Bulletin No. 159. An Investigation of Twist Drills. Part II. by B. W. Bene-
dict and A. E. Hershey. 1926. Forty cents.
*Bulletin No. 160. A Thermodynamic Analysis of Internal Combustion Engine
Cycles, by G. A. Goodenough and J. B. Baker. 1927. Forty cents.
*Bulletin No. 161. Short Wave Transmitters and Methods of Tuning, by
J. T. Tykociner. 1927. Thirty-five cents.
*Bulletin No. 162. Tests on the Bearing Value of Large Rollers, by W. M.
Wilson. 1927. Forty cents.
*Bulletin No. 163. A Study of Hard Finish Gypsum Plasters, by Thomas N.
McVay. 1927. Thirty cents.
*A limited number of copies of bulletins starred are available for free distribution
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